Higgs bosons can be searched for in the channels pp/pp → ttH + X at the Tevatron and the LHC. We have calculated the QCD corrections to these processes in the Standard Model at next-to-leading order. The higher-order corrections reduce the renormalization and factorization scale dependence considerably and stabilize the theoretical predictions for the cross sections. At the central scale µ = (2m t + M H )/2 the properly defined K factors are slightly below unity for the Tevatron (K ∼ 0.8) and slightly above unity for the LHC (K ∼ 1.2). * Research supported in part by a PPARC Research Fellowship. † Heisenberg Fellow of Deutsche Forschungsgemeinschaft DFG, Bonn.
1.
The search for Higgs bosons [1] is one of the most important experimental programs in high-energy physics. If successful, a crucial step in revealing the mechanism for electroweak symmetry breaking and the generation of masses for the fundamental particles in the Standard Model (SM), electroweak gauge bosons, leptons, and quarks, will have been taken. In the near future, the search for Higgs bosons will be carried out at hadron colliders, the proton-antiproton collider Tevatron [2] with a center-of-mass (CM) energy of 2 TeV, followed by the proton-proton collider LHC [3] with 14 TeV. Analyses of precision electroweak data [4] set the focus on M H < ∼ 200 GeV as the preferential Higgs mass range in the SM, although a firm prediction without escape roads is not possible [5] .
Various channels can be exploited at hadron colliders to search for a Higgs boson in the intermediate mass range. Among these channels Higgs radiation off top quarks [6] plays an important rôle:
pp/pp → ttH + X via qq, gg → ttH.
Although the expected rate is low at the Tevatron, a sample of a few but very clean events could be observed for Higgs masses below 140 GeV, while this channel becomes very demanding above [7] . At the LHC associated production of the Higgs boson with top quarks is an important search channel for Higgs masses below ∼ 125 GeV. Moreover, analyzing the ttH production rate at the LHC can provide information on the top-Higgs Yukawa coupling, assuming standard decay branching ratios [8] , before model independent precision measurements of this coupling will be performed at e + e − colliders [9] .
2. Predictions for the cross sections (1), which are based on the leading order (LO), are plagued by considerable uncertainties due to the strong dependence on the renormalization and factorization scales, introduced by the QCD coupling and the parton densities (see the figures below). While estimates of radiative corrections have been presented before in the "effective Higgs approximation" (EHA) [10] , in this letter we present the first complete calculation of the QCD corrections at next-toleading order (NLO), which reduce the spurious scale dependence significantly and lead to stable predictions for the cross sections.
The Born diagrams, generic examples of which are displayed in Fig. 1(a) , are supplemented in NLO by virtual gluon-exchange diagrams, Fig. 1(b) , running in complexity up to pentagons; by gluon radiation, Fig. 1(c) ; and by parton splitting, Fig. 1(d) . The latter two add incoherently to the virtual corrections. Dimensional regularization has been adopted for isolating the ultraviolet, infrared and collinear singularities. Renormalization and factorization are performed in the MS scheme with the top mass defined on-shell. The top quark is decoupled from the running of the strong coupling α s (µ). For the evaluation of the pp/pp cross sections we have adopted the CTEQ4L and CTEQ4M [11] parton densities at LO and NLO, corresponding to the QCD parameters Λ LO 5 = 181 MeV and Λ MS 5 = 202 MeV at the one-and two-loop level of α s (µ), respectively. The strength of the SM Yukawa coupling is fixed by g ttH = m t /v, where v = 246 GeV is the vacuum-expectation value of the Higgs field, and the top-quark mass is set to m t = 174 GeV.
The most complicated one-loop diagrams are the pentagons, both analytically and numerically. To calculate a five-point integral
sing is given entirely by three-point subintegrals. The difference
sing is finite and regularization-scheme independent. Therefore it can be calculated in the convenient mass regularization scheme in 4 dimensions. The original integral E (D) then reads
sing + E (mass;D=4) − E (mass;D=4) sing (2) in the limits D → 4 and mass → 0. Since E (mass;D=4)
can be expressed in terms of four-point functions [12] , the D-dimensional five-point integral E (D) is finally reduced to three-and four-point functions. These integrals and their tensor structures can be treated according to standard methods [13] . Numerical instabilities caused by vanishing Gram determinants near the phase-space boundary, can be controlled by careful extrapolation out of the safe inner phase-space domains. [Technical details will be presented in a subsequent publication.]
To extract the singularities of the real part of the NLO corrections σ real , a generalization of the dipole subtraction formalism [14] to massive quarks [15] has been adopted (see also Ref. [16] ). The singularities of the cross section σ real are mapped onto a suitably chosen auxiliary cross section σ sub which is still simple enough so that the singular regions in phase space can be integrated out analytically, while the difference σ real − σ sub can safely be integrated numerically in 4 dimensions. The auxiliary cross section σ sub can be decomposed into a part σ sub 1
that, defined on configurations with LO kinematics, cancels the soft and collinear singularities of the virtual corrections; and a second part σ sub 2 that includes the singularities from initial-state parton splitting, which are absorbed in the renormalization of the parton densities. Thus the total NLO correction ∆σ NLO may be written as the sum
in which each bracket is separately finite. 
3.
The results for the Tevatron are displayed in Figs. 2(a,b) . For a Higgs mass between 100 and 150 GeV, the cross section varies between about 10 and 1 fb, the central value µ → µ 0 = (2m t + M H )/2 chosen for the renormalization and factorization scales. In NLO the theoretical prediction is remarkably stable with very little variation for µ between ∼ µ 0 /3 and ∼ 3µ 0 , in contrast with the Born approximation for which the production cross section changes by more than a factor 2 within the same interval. Although at the Tevatron the cross section is strongly dominated by theannihilation channel for scales µ ∼ µ 0 , the proper study of the scale dependence requires inclusion of the gg, gq, and gq channels. If µ is chosen too low, large logarithmic corrections spoil the convergence of perturbation theory, and the NLO cross section would even turn negative for µ < ∼ µ 0 /5.
As apparent from Fig. 2(b) , the K factor, K = σ NLO /σ LO with all quantities calculated consistently in lowest and next-to-leading order, varies from ∼ 0.8 at the central scale µ = µ 0 to ∼ 1.0 at the threshold scale µ = 2µ 0 . The small K factor can be understood intuitively in the fragmentation picture proposed in Ref. [10] . The average CM energy √ŝ for the subprocess→ ttH at the Tevatron is about 650 GeV, i.e. sufficiently above the threshold region, so that the EHA of Ref. [10] can be used at least at a qualitative level, as confirmed earlier for e + e − → ttH [9] . For M 2 H ≪ m 2 t ≪ √ŝ 2 , the probability for the hadronic process is decomposed into the product of probabilities for tt production and subsequent fragmentation t → t + H. As a result, the relative QCD corrections take the form
[17] and δ[t → t + H] ∼ −4α s /π for small energies of the Higgs boson, the sum of the two terms δ ∼ −9α s /2π is negative and the K factor is predicted below unity in this limit. Integrating over the entire Higgs spectrum, the numerical evaluation yields K EHA ∼ 0.7, which is nicely compatible with the result K ∼ 0.8 of the full O(α s ) calculation. Near threshold, √ŝ > ∼ 2m t + M H , the QCD corrections are enhanced by Coulombic gluon exchange between the top and antitop-quark in the final state. This Sommerfeld rescattering correction [18] increases inversely proportional to the maximum t/t velocitŷ
. If the tt pair is generated in a color-singlet state, the quark and anti-quark attract each other, and with C 1 = +4/3 the correction is positive. This leads to a strong enhancement of the e + e − → ttH annihilation cross section near threshold [9] . By contrast, if the tt pair is generated in a color-octet state, the force is repulsive, and with C 8 = −1/6 the correction is negative and relatively small. This applies to the dominant channel at the Tevatron,→ ttH, which is mediated by s-channel coloroctet gluon exchange. As a consequence, the destructive Coulomb interference term amplifies the reduction of the cross section. 4. The improvement of the prediction for the cross section at the LHC, Figs. 3(a,b) , is similarly striking. However, the gluon initial states give rise to increased gluon radiative corrections [which will be improved by resummation techniques in the future]. For the central renormalization/factorization scale µ 0 we obtain K ∼ 1.2, increasing to ∼ 1.4 at the threshold value µ = 2µ 0 . These values are nearly independent of M H in the relevant Higgs mass range.
The K factor at the LHC can be estimated in the fragmentation picture [10] , since the average subenergy √ŝ ∼ 830 GeV is relatively high at the LHC. With the dominant gg production channel, the sum of δ[pp → gg → tt ] ∼ +11α s /π and δ[t → t + H] ∼ −4α s /π for the QCD corrections come now with opposite signs, but the positive correction to the tt production in the gg channel more than compensates the negative correction to the fragmentation, leading finally to δ ∼ +7α s /π. Taking into account the different renormalization and factorization scales, the estimate for the K factor in Ref. [10] is recognized compatible at the qualitative level with the full NLO result. 5. Summary. The strong scale dependence of the Born cross sections in the reactions pp/pp → ttH, which pro-vide important search channels for the SM Higgs boson, requires the improvement by NLO QCD corrections. In agreement with a qualitative fragmentation picture, the K factor at the Tevatron is slightly below unity, i.e. varying between ∼ 0.8 and ∼ 1.0 for renormalization and factorization scales µ = µ 0 and 2µ 0 , with 2µ 0 denoting the threshold CM energy of the parton subprocesses. Similarly, the K factor varies between ∼ 1.2 and ∼ 1.4 for the same scale at the LHC. Most important, in contrast to the Born approximation, the predictions for the cross sections including NLO QCD corrections are stable when the renormalization and factorization scales are varied so that the improved cross sections can serve as a solid base for experimental analyses at the Tevatron and the LHC.
